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Full maximum entropy mobility spectrum analysis was carried out on the basis of temperature and magnetic-field-dependent Hall measurements
to assess the transport properties of homoepitaxial metal organic vapor phase epitaxy zinc oxide layers. Two different conductivity channels were
clearly identified and the channel with higher mobility and higher carrier concentration is associated with the epitaxial layer. Hydrogen impurity
acting as residual donor and as a passivating species for acceptors is proposed to explain the higher carrier concentration and mobility in the
epilayer. In contrast to heteroepitaxial layers, no conduction channel is observed from the substrate to epilayer interface.
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nO is an appealing II–VI semiconductor material for
light emitters in the blue-to-UV range, because of its
3.37 eV direct band gap and large exciton binding
energy (60meV). One of the challenges currently being
addressed by the ZnO community is obtaining epitaxial thin
films with reliable and stable p-type conductivity. p-type
doping is limited by the existence of acceptor killers such as
the intrinsic or extrinsic impurities. On the other hand,
structural defects, if present in the material, can also make
it difficult to control doping.1,2) The electrical properties of
nonintentionally doped ZnO thin films grown by metal–
organic vapour phase epitaxy (MOVPE) on sapphire
substrate were investigated by Pagni et al.3) By applying
the two-layer model4) to take account of the interfacial
conductivity contribution, the authors showed on one hand
that the conductivity and the carrier activation energy of the
MOVPE grown films depended on the II–VI ratio, and on
the other hand, the presence of an interface conductivity
between the substrate and the epilayer. The high density of
defects present in the heteroepitaxially grown layers may
cast a doubt on the intrinsic nature of the donors suggested
to be at the origin of the conductivity. Thus it is important,
in order to control the doping of the epilayer, to assess the
transport properties from the epilayer independently of that
of the substrate and from that of the interface.
In order to shed some light on this subject, Hall effect
measurements were carried out as a function of temperature
(50 to 400K) and magnetic field (0–9 T) in order to
investigate the electrical properties of nonintentionally
doped MOVPE ZnO thin film homoepitaxially grown on
O-face ZnO substrate from Crystec (hydrothermal synthesis)
with a low dislocation density (105 cm2).
The 500-nm-thick epilayer was grown in a horizontal hot
wall MOVPE system, at a temperature of 950 C and under
a pressure of 50mbar, using N2O and diethyl zinc (DeZn)
as precursors for O and Zn, respectively, onto O-face
hydrothermal ZnO substrate. Prior to growth, a soft surface
finish was carried out using a chemical–mechanical polish-
ing (CMP) process followed by a high-temperature anneal-
ing at 1100 C under oxygen. The inlet VI to II ratio
was maintained at 25000, which led to a growth rate of
150 nmh1. The (0002) X-ray rocking curve did not show
any epilayer-related widening of the diffraction peaks
compared with the substrate, indicating that the structural
quality of the 500-nm-thick epilayer is at least as good as
that of the substrate (the X-ray penetration depth being of the
order of 5 m).
Two samples (samples 1 and 2) were cut out from the
500-nm-thick epilayer grown on the hydrothermal ZnO
substrate. Sample 1 was CMP-polished in order to remove
the epilayer from the substrate. Sample 2 was left un-etched
with the epilayer on the top. Hall effect and resistivity
measurements were carried out on the two samples using
van der Pauw patterns in the temperature range from 50 to
400K and for magnetic fields from 0 to 9 T. For ohmic
contacts, indium pads were soldered on the four corners of
the sample but were not annealed. The full maximum
entropy mobility spectrum analysis (f-MEMSA) described in
ref. 5, which we used formerly to differentiate between bulk
and surface conductivity in ZnO substrates,6) was imple-
mented to analyze the magnetic-field and temperature-
dependent Hall effect results. From this algorithm, one can
extract the different mobility contributions to the conductiv-
ity spectrum, related to the substrate, the ZnO thin film itself,
and the possible substrate-to-film interface with no assump-
tion on the number of conductivity channels, contrary to
a multilayer model where the number of channels is
predetermined.
Capacitance–voltage measurements at 1MHz were car-
ried out on sample 2 to measure the active donor con-
centration ½ND  NACðV Þ in the MOVPE layer and compare
it with the result of the f-MEMSA analysis.
Figure 1 shows the raw data for the Hall mobility and
sheet carrier density for samples 1 and 2. From 50 to 200K,
the mobility of sample 2 (substrate with epilayer) is higher
than that of sample 1 (substrate after removal of the
epilayer), probably due to the epilayer contribution. The
mobility of sample 1 is commonly obtained for hydrother-
mal substrates after annealing in O2 at 1100
C.6) In terms of
sheet carrier density, no direct evidence of the presence of
the epilayer is observed, Hall data of samples 1 and 2 are
superposed.
In view of these compared Hall results, the f-MEMSA
was used. Generally, the discrepancies between the samples
and the ideal semiconductor model used with the f-MEMSA
can limit the power of the algorithm to separate twoE-mail address: guy.feuillet@cea.fr
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contributions with similar mobilities. This limits the
precision of the analysis at high temperature (typically
200K) due to the phonon scattering mechanism that
dominates the mobility, leading to almost the same mobility
values for the different kinds of materials as shown in
Fig. 2(b). Consequently, the number of conductivity chan-
nels is only determined at low temperatures. In Fig. 2(a),
at 80K, two different electronic mobility contributions to
the conductivity for sample 2 (substrate with epilayer) are
observed, whereas a single one is detected for sample 1
(substrate after epilayer removal). We want to point out
that artefact contributions (a broadened conduction peak of
the opposite type of carriers, namely, holes), exist but are
not represented on Fig. 2. As discussed in refs. 5 and 6,
this effect can have different origins: the size effects, the
geometry of the contacts in the van der Pauw configuration,
and the inhomogeneity of the sample. In addition, many ZnO
samples showed negative magnetoresistance (MR) at low
temperatures, which suggests the presence of disordered
magnetic scattering in the samples. This effect is not
described using the MEMSA model and this would also
lead to errors and artifacts in the estimated spectra.
However, in the present samples, negative MR was only
observed at the lowest temperature, typically <100K, where
this perturbation can be expected to be low.
The carrier densities and mobilities obtained from the f-
MEMSA analysis over the entire temperature range, before
(sample 2) and after layer removal (sample 1) are shown
in Fig. 3. As discussed above, at higher temperatures, the
different conductivity channels merge due to phonon
interactions, but upon decreasing the temperature, the two
mobility components of sample 2 appear. One of these is
very close to the one obtained for sample 1, also represented
in Fig. 3, and thus could reasonably be attributed to the
substrate. Consequently, the second component could be
that of the epilayer itself. At low temperature, ionized
impurity scattering is the major contribution to the mobility
as illustrated by the T 3=2 temperature dependence line on the
graph, whereas at high temperature, it is less straightforward
and results from mixed phonon interactions. The analysis of
the carrier density leads to the same activation energy of
30meV for the two channels of sample 2 and for the one
and only channel of sample 1, and corresponds to that of
annealed hydrothermal Crystec substrates as measured by
Tavares et al.6) For sample 1 (after epilayer removal), the fit
of the temperature dependence of the carrier concentration
by the neutrality equation yields a compensation ratio
NA=ND of the order of 0.01. The carrier densities at 100K
are 2	 1016 cm3 for the MOVPE thin film and 2	
10
14 cm3 for the substrate, in the range of the value usually
obtained for annealed substrates.6,7) C–V analysis carried
out on sample 2 yielded an active donor concentration
½ND  NA ¼ 10
17 cm3. A strict comparison with the
results obtained from the f-MEMSA analysis is not possible
due to the uncertainty in the evaluation of free carrier
concentrations at high temperatures, but at least the two
analyses do not contradict each other.
Among the extrinsic impurities, only lithium and hydro-
gen are supposed to give rise to shallow levels8) and could
explain the low activation energy measured. From secondary
ion mass spectrometry, (SIMS) analysis carried out on the
(a) (b)
Fig. 1. Temperature dependence of (a) Hall mobility and (b) sheet
carrier density of sample 1 (closed circles: after epilayer removal) and
sample 2 (open circles: before epilayer removal).
(a) (b)
Fig. 2. Conductivity spectrum at 80 and 200K obtained by f-MEMSA
for sample 1 (closed circles: after epilayer removal) and sample 2 (open
circles: before epilayer removal).
(a) (b)
Fig. 3. Temperature dependence of f-MEMSA (a) mobility and (b) car-
rier density for sample 1 (closed circles: after epilayer removal) and for the
two channels of sample 2 (triangles and stars: before epilayer removal).
The thicknesses used to calculate the carrier density are d  500 nm and
d  500 m, respectively, for the epilayer and the substrate. The dashed
line shows a T 3=2 temperature dependence corresponding to ionized
impurity scattering.
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same epilayer (not shown here), lithium was found at a lower
concentration in the layer (i.e., 1015 cm3) than in the
substrate (1017 cm3), which rules out any hypothesis
based on the diffusion of Li during growth. For hydrogen,
which could have been incorporated as a result of DeZn
decomposition or due to out-diffusion from the substrate,9)
SIMS indicates a higher concentration in the layer, just
above the high detection limit of 1018 cm3. Thus,
hydrogen, as an interstitial or substitutional (Ho) donor or
possibly through donor-type complex formation10) could
be responsible for the rather high n type doping of the
homoepitaxial MOVPE. Furthermore, hydrogen could also
passivate acceptors present in the layer making them
electrically inactive11) with a subsequent reduction of the
compensation ratio.
On the other hand, the electron mobility in the MOVPE
thin film is about 800 cm2V1 s1 at 100K compared with
about 200 cm2 V1 s1 for the substrate despite a similar
structural quality [Fig. 3(a)]. In this case too, the lower
compensation of the epilayer compared with the substrate
could be the origin of the observed difference. Indeed, at low
temperature, electron scattering by ionized impurities is
more important in the substrate than in the epilayer [cf.
Fig. 3(a)]. The relaxation time due to ionized impurities
is proportional to 1=Nii, where Nii is the density of ionized
impurities. Nii can be approximated to 2NA for low
temperatures. Consequently, the increase of the mobility
observed for the epilayer could be the result of a de-
creased NA.
Another important implication of the study is that no
contribution of the MOVPE film/substrate interface to the
conductivity is present since no degenerate channel is
observed, which would otherwise be characterized by a
temperature-independent carrier density.
In conclusion, a temperature and magnetic-field-depen-
dent Hall effect study was undertaken on a ZnO homo-
epitaxial MOVPE-grown thin film. Using the f-MEMSA
analysis, two different conductivity channels were identified.
The high mobility/high carrier concentration channel was
unambiguously attributed to the epilayer. Hydrogen acting
as a donor and compensating residual acceptors is proposed
to explain the higher carrier concentration in the epilayer and
its higher mobility. In contrast to the case of heteroepitaxial
growth on sapphire substrates, no layer-to-substrate inter-
face conductivity channel was found, opening the way to
homoepitaxially grown layers with a better control of their
doping properties.
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